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Abstract

Purpose: During our transthoracic echocardiography (TTE) courses, medical students showed difficulty in spatial
orientation. We implemented the use of 3D printed cardiac models of standard TTE views PLAX, PSAX, and A4C and
assessed their efficacy in TTE-teaching.

Methods: One hundred fifty-three participants were split into two groups. A pre-test-retest of anatomy, 2D -, and 3D
orientation was conducted. The intervention group (n =77) was taught using 3D models; the control group (n =76)
without. Both were comparable with respect to baseline parameters. Besides test-scores, a Likert scale recorded expe-
riences, difficulties, and evaluation of teaching instruments.

Results: From the 153 students evaluated, 123 improved, 20 did worse, and ten achieved the same result after the
course. The median overall pre-test score was 29 of 41 points, and the retest score was 35 (p <0.001). However, the
intervention group taught with the 3D models, scored significantly better overall (p =0.016), and in 2D-thinking

(p =0.002) and visual thinking (p =0.006) subtests. A backward multivariate linear regression model revealed that the
3D models are a strong individual predictor of an excellent visual thinking score. In addition, our study showed that
students with difficulty in visual thinking benefited considerably from the 3D models.

Conclusion: Students taught using the 3D models significantly improved when compared with conventional teach-
ing. Students regarded the provided models as most helpful in their learning process. We advocate the implementa-
tion of 3D-printed heart models featuring the standard views for teaching echocardiography. These findings may be
transferable to other evidence based medical and surgical teaching interventions.

Highlights

« Medical students present difficulty with spatial orientation in echocardiography.

- We asked for anatomical structures, 2D orientation, and 3D orientation.

+We used 3D printed models for teaching standard echocardiographic views.

«The 3D group (n =77) performed significantly better than the control group (n =76).
+We advocate 3D printed models for the teaching of echocardiography standard views.
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medical students often express an interest in this topic
and request voluntary hands-on courses. Echocardi-
ography offers an enhanced understanding of cardiac
anatomy and physiology. Accordingly, the new German
national competence based catalogue of learning objec-
tives (NKLM) for medical schools suggests sonography
as a skill, students should be exposed to during their
studies [13].

Upon this request, we offered our first voluntary echo-
cardiography curriculum in 2017; and the course proved
to be very popular. The content of our course adhered to
the CME certified education “Basic transthoracic echo-
cardiographic skills in cardiac surgery patients [9]” and
followed the standard best practice procedures for TTE
training of national societies [5].

During the first 3 years of the program, students fre-
quently reported problems in spatial intracardial ori-
entation, which hampered image interpretation and the
learning progress. To overcome this by didactical means,
3D printed cardiac models were introduced to this
course.

Didactic advantages for the use of 3D models have
been described in anatomical teaching [1], additionally,
3D models have been successfully used in cardiac surgery
training [10] and procedure planning [17]. It therefore
appears plausible to transfer the concept to echocardio-
graphic training. Surely, 3D Models have been used ear-
lier for TTE-teaching, but the didactic effects are poorly
studied: in the only scientific evaluation we are aware of,
no didactic advantages have been demonstrated for the
3D-model use [15].

Due to changes of the curriculum secondary to the
COVID-19 restrictions, our voluntary course became
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obligatory for an entire semester cohort following strict
hygienic standards. This allowed for us to cross-section-
ally teach and study an entire semester-cohort in a highly
standardized manner without bias to previous knowledge
or special interests in this topic. Complementarily, the
department of internal medicine has established an com-
plementary sonographic curriculum [2].

The objective of this project was to study the didacti-
cal impact of 3D printed models of standard echocardio-
graphic views on the students’ learning success during a
teaching intervention in a controlled trial.

Methods

Study design

The study was designed as a unicentral, prospective,
controlled, unblinded, cross-sectional trial, extensively
comparing two equally sized groups of medical students
of a complete, unselected semester-cohort for learning
success in TTE with or without the usage of 3D models.
Participation in the study was voluntary and subjects
submitted their written informed consent. We enrolled
195 medical students in their 9th semester.

The course

The educational objective was to learn, understand,
and reproduce three basic standard views in TTE. Five
online resources flanked the 120- min front-of-class lec-
ture according to Fig. 1. The participants received an
email inviting them to take part in the first two online
resources. The first one was a hose figure test on spatial
orientation [18] (online supplement). Five tasks evalu-
ated the spatial orientation capacity of the participants.
Jars with tubes in them were photographed from two
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Fig. 1 Study course. The study group and the control group participated in online courses and practical courses. The intervention took place
during the hands-on experience. Later both groups filled in a questionnaire about difficulty and helpfulness




Salewski et al. BMC Medlical Education (2022) 22:180

Page 3 of 10

Fig. 2 Nine testimages. Each row shows PLAX, PSAX, and A4C views. The first row asks for naming the numbered structures. The second row asks for
extremities, the arrows point on. L.e. center top image: upper right arrow: right shoulder. Lower left arrow left hip. Center middle image: upper right
arrow: left shoulder. Lower left arrow: right hip. Center bottom image: upper arrow (apex) left hip. Lower arrow (base): right shoulder. Right row: Top
image: The arrow is pointing into the PLAX plane, therefore it points towards the right hip. Middle image: the arrow is pointing out of the PSAX plane,
therefore pointing towards the left hip. Bottom image: The arrow is pointing into the A4C plane, therefore pointing to the anterior chest wall

sides; the first picture showed the front view. The second
showed either the left side, the right side, or the rear side.
The students’ task was to choose the correct view.

The second online resource gathered baseline-infor-
mation: participation in previous sonography courses,
being a tutor-student in sonography, and previously vis-
ited preclinical classes on cardiac anatomy. Additionally,
a five-point Likert scale recorded their self-assessment
concerning their experience in sonography, echocardiog-
raphy, and cardiac anatomy.

The students participated in the 120-min echocardi-
ography class within the adjacent week. Groups of up
to eight students started the class with the third online
resource called the ‘ex-ante’ pre-test. The test showed
artificial pictures of three selected echocardiographic
standard views (Fig. 2) and nine questions. In the first
three questions, the participants described numbered,
anatomical structures. In the second three questions,

the participants had to point out what extremities the
blue arrows in the 2D plane would point on. In the last
three questions, the participants had to name what
anatomical structure a red arrow pointing 90° in or out
of the picture would most likely point on. They could
reach a total score of 41 points. One point was awarded
for each correct description of an anatomical structure
(total 20 points. Figure 2 left row), 2 points for a right
answer of a 2D direction (total 12 points. Centre row),
and 3 points for a correct guess of a 3D direction (total
9 points. Right row). The complete test and answers are
displayed in the online supplements. After the pre-test,
the tutor revealed the answers for the anatomy naming
exercise.

Design of test-questions
The questionary, formally consisted of the subdo-
mains factual knowledge (anatomy), 2D orientation,
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3D orientation, and each domain was represented by
multiple questions. The questions demanded free-text
answers for more discriminative power than multiple-
choice questions.

We used open questions demanding free text answers
due to the reasons described by Loke et al. [10]. Open
questions have the advantage that the students cannot
guess from multiple choices but must find their own
answers. Thus, more in-depth insight into the students’
solution production process was possible, guessing was
eliminated, and a correct answer had much more validity.

Teaching and training intervention

Voluntary pairs examined each other with the four echo-
cardiography devices (ACUSON X 300 PE, Version 7.0,
Siemens Healthcare, Erlangen, Germany. Innosight,
Philips Ultrasound Inc. Bothell, WA, USA). The tutor
occasionally guided and corrected each student pair
until they could reproduce the three standard views: api-
cal four-chamber view (A4C), parasternal long-axis view
(PLAX), and parasternal short-axis view (PSAX). There-
after, the participants heard a short lecture on common
echocardiographic findings in emergency medicine.
Then the participants performed the identical retest.
Finally, they filled in an online questionnaire, asking
them about their perception on the helpfulness of teach-
ing means and to rate the difficulty of solving the tests.

3D-printed models
The 3D printing files were retrieved from the Resuscita-
tive TEE Project website (https://www.resuscitativetee.
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com/3d-printed-models) (Fig. 3). Strictly speaking, these
models are taken from the transesophageal point of view,
not from the transthoracic one. They include the mid
esophageal long-axis view, trans gastric short-axis view,
and mid-esophageal four-chamber view. These nuances
were neglectable for the level of understanding necessary
for this TTE class. The printing files were fed to a Maker-
Bot replicator 3D filament printer (MakerBot Industries,
Brooklyn, NY, USA). The fused deposition modelling
filament was an economic standard polyacrylic acid. The
printing took approximately 12 h per item. The heart
models are detachable at exactly the planes of the echo
standard views.

Intervention

One hundred ninety-five students were randomly
assigned to one of 24 groups over 12 weeks. The first
12 groups were taught with the use of 3D printed mod-
els of the heart. The models were available at any time
after the pre-test, even during the retest for the students’
haptic impression and spatial orientation. In the control
group, the tutor used only slides to present the standard
views. The 3D models were not brought in until the retest
answers were provided.

Statistics

We aimed to include half the students in the 3D model
intervention group and half in the control group.
All available cases were analyzed with SPSS 25 (IBM
Corp., Armonk, NY, USA). Continuous variables
were tested for normal distribution by the Shapiro-
Wilk test. Normally distributed data are reported as
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Fig. 3 Three 3D printed cardiac models resembling parasternal long axis view PLAX (a), parasternal short axis view (b), and apical four chamber
view (c). The trainee may orientate the model according to the echocardiographic view and resolve, which part of the model is “cut away”and
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means and standard deviations (SD); otherwise, the
medians, quartiles and ranges are reported. Categori-
cal data are reported as counts and percentages. For
inferential statistical comparisons of categorical vari-
ables, the y* test was used. For continuous variables,
the Mann-Whitney U-test for independent samples
was used when the variable is not normally distrib-
uted and Student’s t-test for unpaired samples was
used when the variable is normally distributed. A Wil-
coxon-test analyzed pre-test-retest comparisons. The
change of abilities was calculated by subtracting the
pre-test score from the retest score (depicted in the
online supplement). The distribution of the individual
differences between pre- and retest scores in the con-
trol and intervention groups fulfilled criteria of nor-
mality for the overall test results but not concerning
the subdomains (factual knowledge, 2D orientation,
3D orientation) of the test. We performed a multivari-
ate linear regression with ‘improvement in the visual
thinking score’ as the dependent variable. The visual
thinking score comprises the subdomains 2D and 3D
orientation and was formed by adding the respec-
tive points from the questionnaire. The independent
variables were ‘age; ‘gender, ‘3D model intervention,
‘abdominal sonography class) ‘score in the hose-figure
test, and ‘visual thinking pre-test score’ These poten-
tial explanatory variables were chosen based on expert
opinion and reasoning without statistical preselection.
An analysis of variance (ANOVA) was carried out for
self-assessment and test results. Only complete data
sets were admitted for statistical analysis. The evalua-
tion strategy was supported by the Institute of Clinical
Epidemiology and Applied Biometry of the University
of Tiibingen. Statistical analysis and data reporting
complied with the EACTS statistical and data report-
ing guidelines [6].

Results

Baseline parameters

From the 195 students evaluated, 164 gave written
informed consent. The others attended the class, but no
data was recorded. 153 (100%) students returned valid
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results (11 datasets had to be excluded due to incom-
plete answers). 89 (58.17%) students were female. The
mean age was 25.9 4+/—2.9years. Experience in sonog-
raphy was as follows: 72.5% (111) attended the abdomi-
nal sonography class, 9.2% (14) were peer-teaching
tutors, 1.96% (3) attended the preclinical heart study
group, and 11.1% (17) had clinical experience. Just
12.4% (19) reported having no practical experience. On
a Likert-scale from 1 (poor) to 5 (excellent) points, the
participants had to self-assess their expertise before the
class (Table 1).

The control group (n =76) and the intervention group
(n =77) did not differ significantly with respect to age,
gender, experience, and self-assessment. The majority
of the control group patients (67/76, 88%) had already
participated in an abdomen-sonography class, whereas
this was only true for 44/77 (57%) of the patients in the
intervention group (Table 2). There were no signifi-
cant differences between groups in the pre-test scores
(total- p =0.582, anatomy- p =0.238, 2D- p =0.929,
3D- p =0.083, visual thinking score p =0.274).

Table 2 Characteristics of the study groups. There were no
significant differences regarding age, gender, semester, self
assessment of sonography, echocardiography, and cardiac
anatomy

Quality Control Group 3D Group p value
number of participants 76 77

age years 25.97 25.78 0.682*
gender (women) 39 50 0.088"
sonography class 67 44 0.000™
peer teacher 8 6 0.558~
heart class 2 1 0.620~
self-assessment poor some fair good excellent

in sonography 81631183 52230182 0.763%
in echocardiography 26311351 321914120 0.094*
in cardiac anatomy 11632252 1934321 0491+
" t-Test

* Chi2-Test

~ Fisher's exact test

Table 1 Self-assessment of knowledge and experience in sonography, echocardiography, and cardiac anatomy of 153 participating
students. The majority of the students state fair expertise in sonography, poor to little expertise in echocardiography, but fair to good

knowledge in cardiac anatomy

Self-assessment poor little fair good excellent
(n=153)

Sonography 13 (8.5%) 38 (24.8%) 61 (39.9%) 36 (23.5%) 5 (3.3%)
Echocardiography 58 (37.9%) 50 (32.7%) 27 (17.7%) 17 (11.1%) 1(0.7%)
Cardiac anatomy 2(1.3%) 25 (16.3%) 66 (43.1%) 57 (37.3%) 3 (2.0%)
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Effect of the teaching intervention

The intraindividual changes are depicted in Fig. 4. Of 153
students, 123 improved their test results, 20 did worse,
and ten achieved the same result. The median over-
all pre-test score was 29 of 41 points, and the median
retest score was 35 (p <0.001). Both groups improved
significantly. In the control group, subjects improved by
a mean of 4.6 + 6.5 points. In the 3D model intervention
group, the mean improvement was significantly greater
(7.0£ 6.0 points, p =0.016) (Fig. 5).

Upon considering the subdomains, we found a signifi-
cant improvement in the intervention group compared
with the control group with respect to 2D-orientation
(p =0.002) and visual thinking (p =0.006), and a strong
tendency with respect to 3D orientation (p =0.088)
(Fig. 5).

A qualitative observation from the course: Students
claimed the models largely contributed to their under-
standing. In addition, they often requested them for their
learning sessions and gave positive reviews.

Predictors of post-test visual thinking

A backward multivariate linear regression model
sought to identify independent variables that predict an
improvement from pre- to retest. From the candidate
independent variables age and gender were eliminated as
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irrelevant. Likewise, the test score in the hose-figure test
was not predictive (Table 3). Predictive variables were
teaching with 3D models (B, 2.96, CI 95% 1.487-4.44,
p <0.001), a good visual thinking pre-test score ([,—
0.704, CI 95% - 0.856 — - 0.551, p <0.001), and partici-
pation in the concomitant abdominal sonography class
(B 1.994, CI 95% 0.347-3.642, p =0.018). The model
achieved a corrected R? of 0.404. The effect size accord-
ing to Cohen was f* =0.62. Importantly, teaching with
the 3D models revealed to have the strongest influence
on the increment of post-test visual thinking. The stu-
dents, on average, scored 2.96 points more when being
taught using the 3D models.

Self-assessment and pre-test results

The students completed a self-assessment regarding
the difficulty of the questions in the pre-test with a
5-point Likert scale. Later the 5 point scale was aggre-
gated into three categories (1-2 easy, 3 medium, 4-5
difficult) and compared with the objective test results.
Students with subjective difficulty in the hose figure
test, objectively scored only 75% (CI 95% 63.25-86.75)
whereas students rating it easy scored 92% (CI 95%
88.02-94.71, p =0.001). The same effect was pre-
sent for anatomy questions (17.61 pts. vs. 18.66 pts.;
p =0.003) and 2D-thinking questions (7.47 pts. vs.
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Fig. 4 Pre-test-Retest-Diagram: The x-Axis depicts the pre-test-Score, the y-Axis depicts the retest-Score. Of 153 participants, 123 scored better, ten
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Table 3 Regression model. Model 1 includes all the relevant
variables based on expert’s opinion. Model 2-4 exclude variables
in a backward regression model according to p values >0.1.
Gender, age, and hose figure test were excluded from the model.
The VT pre-test score, the sonography course, and the 3D model
remained in the regression model

Model Included variable Excluded variable  Method
1 Pre-test VT score - Inclusion
Age
Sonography course
Hose figure test
Gender
3D model
2 - Gender Backwards, p of
F>=0.1
3 - Age Backwards, p of
F>=0.1
4 - Hose figure test Backwards, p of
F>=0.1

10.11 pts.; p =0.003), respectively. In summary, in all
three questionnaire categories, student self-assessment
was related to performance. This was not the case for
performance in 3D-thinking questions.

Teaching methods

The assessment of the helpfulness of certain teaching
methods had a ceiling effect: as 5 points could be given
as a maximum, most students gave 5 points for prac-
ticing, tutor explanation, and 3D models. Slides of the
standard views were rated lower. For difficulty, students
rated the hose figures easiest followed by the anatomi-
cal descriptions. 2D questions were rated difficult to
very difficult. The 3D questions were rated very to most
difficult. (see online supplementary material).

Discussion

Anatomical models are traditionally available for a
more in-depth understanding of the topology of organs,
and haptic models transport this concept better than
2D images or virtual reality computer models [7, 16].
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3D printed models have been used to teach anatomical
structures with good reception [4, 11], and even spe-
cific pathologies can be depicted visually and haptically
in high resolution [10].

TTE is not part of the core curriculum of medical
students in Germany, but it is suggested by the national
competence based catalogue of learning objectives
in medicine [13]. Echocardiography is also part of the
training of residents in cardiac surgery and cardiology.
Our didactic concept appears to be transferrable into
this context and we discussed to conduct a study with
residents as subjects. However, such a study was ham-
pered by methodological obstacles: Due to the limited
number of residents and their interindividually differ-
ent levels of knowledge, neither the number of cases
nor the comparability that would have been required
for a study could be achieved, at least in the mono-
centric design. When confronted with TTE, students
often struggle with correlating the 2D picture displayed
with the 3D anatomy. This difficulty could be explained
by the predefined TTE standard views (PLAX, PSAX,
A4C) not correlating with the anatomical illustrations
(transversal, frontal and sagittal planes). Therefore, in
2017 we introduced the detachable 3D printed cardiac
models in our voluntary TTE-class, providing a tool for
the students to apply their anatomical understanding
to the echocardiographic picture. Due to the Covid-19
restrictions of bedside teaching in 2020, our previously
voluntary echo curriculum [2] became obligatory for an
entire semester cohort under lab conditions. This gave
us the opportunity to cross-sectionally teach and study
an entire unselected semester cohort without the selec-
tion bias of voluntary programs which are otherwise
mostly selected on the basis of personal interests and
talents. Earlier, the Resuscitative TEE Project published
their findings on various aspects of transesophageal
echocardiography in emergencies [3, 8, 19-21]. Among
their resources, data sets for 3D printable models are
available. These models are essential to this study.
McKenna et al. described a 3D printed trainer for the
in vitro training of TEE; here, the focus was the phan-
tom model and not the cardiac model itself [12]. Ochoa
et al. also used 3D models in TTE teaching and could
not detect a significant effect on learning efficiency,
which somehow is contradictory to our results but is
probably secondary to the smaller group size and the
different setup of their study [14]. This underlines the
need for larger-scale, in depth studies on the role of
three-dimensional models in evidence-based medical-
and surgical education.

The central findings of this study are: (a) the interven-
tion group taught with the use of 3D models scored sig-
nificantly better overall, and in terms of visual thinking,
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and (b) the 3D models have the most substantial positive
influence (effect size) on the post-test results.

Self-assessment and test scores showed that a higher
perception of difficulty coincided with a lower test score,
which is conclusive. Especially students with below-aver-
age pre-test results in visual thinking benefit considerably
from the 3D models. Students rated the learning experi-
ence very positively. Thus, teaching with haptic 3D-mod-
els subjectively and objectively leads to more effective
teaching and learning in echocardiography classes.

With this, we provide evidence for the superiority of
the use of three-dimensional models compared to con-
ventional imaging-based teaching materials in echocar-
diographic training and strengthen the basis for further
systematic teaching research in the field. The strategy
may be transferred to other sonography classes, espe-
cially given the fact that the 3D printing technology ena-
bles creating models tailored to the suits of the students
and according to the didactic requirements in a cost
effective and timely manner.

Study limitations

There were no formal sample size calculation prior to the
study, we cross-sectionally analyzed an entire unselected
semester cohort instead. The number of test-questions to
assess each level of understanding (factual knowledge, 2D
thinking, and 3D spatial orientation) was limited to three
each, which might be discussed as relatively few, and the
teaching intervention itself was restricted to a one-day
session, which is critically short. On the other hand, the
relatively large number of participants may compensate
for some of these shortcomings.

In the same semester, our colleagues from internal
medicine performed an abdominal sonography class for
the same cohort [2]. To restrict the possible bias from
that course on our control rather than on our interven-
tion group, we purposely introduced the 3D models in
the first 12 of 24 groups, so that most students have not
had the abdominal sonography course at that timepoint.
Thus, the concurrent sonography class potentially lifted
the visual thinking score of the control group, but not of
the intervention group and could not have boosted the
effect of the 3D models. Consequently, this bias poten-
tially leads to underestimation but excludes overestima-
tion of the teaching effect with the 3D-models.

Otherwise, the baseline characteristics of the groups
did not differ (structural equality of the groups). The
three-dimensional anatomical orientation of the echo
views was subject of pre- and retests. This strategy of
using the same test twice contains a learning bias, which
is controlled by exposing both groups to that strategy.
Larger longitudinal studies are warranted to compensate
for the aforementioned limitations.
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Conclusion

The implementation of 3D printed models of the stand-
ard echocardiographic views PSAX, PLAX, and A4C
lead to a significantly more effective training in echo-
cardiography, especially regarding the transfer of visual-
thinking-skills. Particularly students with below-average
performance in visual thinking benefited from this inter-
vention. This effect may be transferable to other teaching
interventions and must be object to future studies in evi-
dence-based medical- and surgical education.
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